Introduction
To avoid adverse health effects on patients, medical devices, along with their functional aspects, are biologically examined through biocompatibility testing, with the aim of identifying the variety of potential hazards and of making certain that these products do not have detrimental effects on patients [1] . Calcium phosphate-based biomaterials are mostly biocompatible, because calcium and phosphate are the main inorganic components of human bone [2] . All medical devices are required to be assessed via cytotoxicity measurements [3] . The tests that use cell cultures are rather advantageous because they provide an environment in which each biomaterial is open to individual evaluation in terms of cytotoxicity due to its influence on both cell growth and division [1, 4] . A vascular supply is vital for both the implantation of a new tissue into the body and for the survival of the growing cells within the implant [5, 6] . In addition to their role in the nutrient supply, newly formed blood vessels also help the transportation of macromolecules during bone repair and regeneration [7, 8] .
For biomaterials, not only the biocompatibilities and their physical and chemical features but also the antibacterial properties are important [9] . Infection is a serious problem when biomaterials are implanted into the human body. It results from adherence and colonization of bacteria onto the biomaterials, and subsequently the patients develop serious complications, sometimes with lethal consequences [10] . Bactericidal activity of silver has been known for centuries. The evidence for silver's antibacterial properties' functionality in rendering water potable can be traced back to 1000 B.C. [11] [12] [13] . Silver compounds have also been used for medicinal purposes for centuries [14] . These compounds have been used for the treatments of tetanus and rheumatism in the 19th century, and for colds Analyses of the modulatory effects of antibacterial silver doped calcium phosphate-based ceramic nano-powder on proliferation, survival, and angiogenic capacity of different mammalian cells in vitro and gonorrhea before the discovery of antibiotics in the early 20th century [15] .
In the past decade, there have been many studies on silver-related biomaterials. Some of them show that silver has advantages; some of them show that silver has disadvantages. As matter of fact, silver has been a well-known antimicrobial metal ion for centuries. Just like any other chemical, silver must have a certain limit and application form in which we can use its antimicrobial efficacy without causing any toxic effect. One important thing that we should keep in mind is that the success of biomaterials as templates for tissue regeneration is mainly determined by their ability to rapidly vascularize and is a result of efficient delivery of requisite cellular nutrients during regeneration.
Silver and its compounds are well-known for their antibacterial properties in orthopedic and dental applications [16] [17] [18] . Ionization is required by elemental silver for antibacterial efficacy [19] . The highly reactive nature of silver ions reveals itself through readily binding to negatively charged components like proteins, RNA, DNA, and chloride ions. This characteristic is of crucial importance to its antibacterial mechanism, but due to its readily protein-bound nature it tends to complicate the delivery to the wound bed, because the complex wound fluid is full of proteins [20] . Silver delivery systems vary, namely the system that delivers silver from ionic compounds, such as silver calcium phosphate and silver chloride, and the system that delivers silver from metallic compounds, such as nanocrystalline silver [21, 22] . The effectiveness of silver against a wide range of microorganisms is a known fact. This range of effect extends to aerobic and anaerobic microorganisms, Gram-negative and Gram-positive bacteria, yeast, fungi, and viruses by binding to microbial DNA and to the sulfhydryl groups of the metabolic enzymes of the bacterial electron transport chain while also preventing bacterial reproduction [23] . Silver may also be of use as a prophylactic or a therapeutic agent for prohibition of colonization of organisms that hinder healingthose that contain antibiotic-resistant bacteria-at the wound site [24] . It has also been used as antibacterial wound dressings and therapeutics because of its acknowledged low toxicity [11] .
In this study, the antibacterial, cytotoxic, proliferative, apoptotic, wound healing, and angiogenic activities of silver doped nano size calcium phosphate ceramic powders (ABT or PAG) were investigated systematically with various silver doping concentrations. Standard antimicrobial efficacy test with indicator bacteria and fungi was performed. MTT assays were used on V79 379A, NIH-3T3, TIG-114, and HUVEC lines to determine the effects of various silver doping concentrations on cytotoxicity. Additionally, the apoptotic activity (by DAPI and JC-1 staining), attachment capability (by F-actin staining), and the effects on wound healing were also evaluated on TIG-114 cells. The HUVEC cell line was used for in vitro angiogenesis assay. We demonstrated for the first time that silver doped calcium phosphate-based ceramic nano powder does not disturb angiogenesis and does not lead to apoptosis and demonstrates good regeneration ability by in vitro.
Materials and methods

Synthesis of powders
Silver ion incorporated antibacterial powders (ABT or PAG) were synthesized using wet chemical method. Ortho-phosphoric acid (99%), silver nitrate (AgNO 3 , 99.0%), and calcium hydroxide (Ca(OH) 2 , 96.0%) were all laboratory grade reagents and purchased from Sigma-Aldrich. Calcium hydroxide was mixed in pure water for 1 h. Dissolved silver nitrate in pure water was mixed with calcium hydroxide. Fully dissolved transparent silver nitride solution was added to calcium hydroxide solution drop by drop. The solution was stirred for approximately 2 h. Then, ortho-phosphoric acid diluted with pure water was added to the solution to control the pH of the solution to form a stoichiometric hydroxyapatite-based structure. Final pH has been set from 12.6 to 5.5 by ortho-phosphoric acid for all powder. The precipitate formed was sequentially filtered and dried at 80 °C. The crystal structure of the powders was monitored by x-ray difractometer (XRD, Rikagu Rint 2200) using the CuKα (1.542 A°) radiation and 2θ scan rate of 2° min −1 at 40 kV and 30 mA. The particle size distribution of the synthesized powders was measured using Malvern NanoZS device. The powder morphology and silver content were investigated by scanning electron microscopy (SEM), which has energy dispersive x-ray diffraction detector (Zeiss Evo 50EP and Zeiss Supra 50VP). Existence of silver ions in powder and primary particle size measurements were performed with transmission electron microscopy (TEM; Tecnai G2 F20 S-TWIN).
Before the in vitro assays five different ABT (00A, 05A, 10A, 20A, 35A) with various metal ion contents of powders were sterilized at 180 °C for 2 h.
Concentration amounts are listed below: ), and endothelial cell growth supplement (ECGS; 0.05 mg ml −1 ). Cells were cultured in a humidified atmosphere containing 5% CO 2 at 37 °C.
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The five powders (00A, 05A, 10A, 20A, and 35A) were sterilized at 180 °C for 2 h. The growth inhibitory effects of the test compounds were measured using MTT (3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay [25] . Cells were seeded in flat-bottomed 96-multiwell plates (Techno Plastic Products AG) and incubated at 37 °C for 24 h in a humidified atmosphere of 5% CO 2 /95% O 2 . Thereafter, old medium was replaced with fresh culture media supplemented with five different metal ion content of ABT at concentrations of 10 μg ml −1 , 100 μg ml
, and 1000 μg ml −1
. For references, old medium was replaced with fresh medium without powders. To test cytotoxicity, ABT of each concentration was cultured with V79 379A, NIH-3T3, TIG-114, and HUVECs for 24 h, 48 h, 72 h, and 96 h, respectively. During this period after each day, the medium was aspirated and 100 μl fresh medium containing 0.5 mg ml −1 MTT (Sigma) dissolved in phosphate-buffered saline (PBS) was added to culture wells. The plates with added MTT solution were then wrapped in aluminum foil and replaced in the 5% CO 2 incubator for 2 h. At the end of this period, the medium was removed and the formazan crystals formed by MTT metabolism were dissolved by addition of 100 μl DMSO to each well. The plates were gently mixed on a plate shaker approximately for 5 min, and their absorbance values were read at 570 nm with a microtiter plate reader (Bio-Tek, ELX808IU, USA). Every test concentration had the eight replicates per assay and every experiment was performed on at least three separate occasions.
The statistical software SPSS was used for the statistical analysis of assessment of the MTT assay. The data were evaluated using one-way ANOVA followed by the Tukey test. A value of p < 0.05 was considered as significant.
JC-1 staining
To explore whether the compounds induced apoptosis, we determined the mitochondrial membrane potential by morphological JC-1 staining. The loss of mitochondrial membrane potential is a hallmark for apoptosis. It is an early event coinciding with caspase activation. In healthy cells, red-orange fluorescence is attributable to a potential-dependent aggregation in the mitochondria even though green fluorescence reflecting the monomeric form JC-1 appeared in the cytosol. In apoptotic cells, green fluorescence dominates after mitochondrial membrane depolarization [26] . TIG-114 cells were seeded on 12-well plates at a concentration of 12 × 10 4 . After 24 h cells were treated with different doses of powders and incubated 24 h. The treated cells were washed with PBS and incubated for 30 min in 10% MEM without phenol red containing JC-1 at a concentration of 2.5 g ml −1 and were observed by fluorescence microscopy.
DAPI staining
To determine whether there was degradation of DNA into fragments, DAPI staining, which is a DNA-staining agent and binds to grooves on the surface of the DNA helix, was performed [27] . TIG-114 cells were seeded on six-well plates at a density of 18 × 10 4 cells/well. After 24 h, old medium was replaced with fresh culture media supplemented with five different metal ion contents of ABT at concentrations of 10 µg ml −1 , 100 μg ml −1 , and 1000 μg ml −1 . Treated monolayers of cells, which were grown on glass coverslips (Marienfield, Germany), were fixed with 3.7% (w/v) paraformaldehyde PBS (137 mM NaCl, 2.7 Mm KCl, 15 mM KH 2 PO 4 , 8 mM NaHPO 4 ; pH 7.3) for 15 min at 37 °C in the dark. Cells were rinsed with PBS. The results were acquired using Olympus fluorescence microscope (Olympus BX50 with U-UHK fluorescence attachment microscope).
F-actin staining (TRITC phalloidin)
The alterations in actin that provide the driving force during the process of cell migration via the formation of stress fibers, organization, and dynamics play an important role in apoptosis and also cell migration. The F-actin cytoskeleton was stained with fluorescent phalloidin using the method described by Rubin et al (1991) with slight modifications [28, 29] . Untreated control and ABT/00A, 15A, 20A, and 35A treated TIG-114 monolayers grown on glass coverslips (Marienfeld, Germany) were fixed in 3.7% (w/v) paraformaldehyde PBS for 15 min at 37 °C. The cells were then permeabilized with 0.5% Triton X-100 (v/v) in PBS for 5 min at 37 °C. Preparations were washed three times with PBS and cells were stained with 5 μg ml −1 tetramethylrhodamine B isothiocyanate (TRITC)-labelled phalloidin (Sigma) for 1 h at 37 °C. TIG-114 cells were rinsed with PBS; fluorescent images were acquired using an Olympus BX50 with U-UHK fluorescence attachment microscope.
Wound healing assay
For the process of angiogenesis to occur normally, both proliferation and migration are required. Migration is a key step required for angiogenesis. To assess the migratory response of fibroblast against these powders, a wound healing assay was performed. Cells were seeded into 12-well plates at a concentration of 12 × 10 4 , after 24 h incubation a clear area was scraped in the monolayer with a narrow tip by applying suction, and cells were washed with the medium. Different concentrations of test compounds were administered and cells were incubated for another 24 h. After incubation cells were photographed (10X Olympus IX70).
In vitro capillary tube formation assay
In the later stages of angiogenesis, endothelial cells have to rearrange themselves into a tube to form a new small blood vessel. Thus, the endothelial cell tube formation assay used here is an in vitro model of this process. The matrigel tube formation assay was performed as previously described [30] . For this, HUVECs were starved by culturing in endothelial cell basal medium-2 with 2% FBS for 4 h. The serum starved cells were plated at the density of 4 × 10 4 cells/well on matrigel, which coated the wells of 96-well plates and were equilibrated with EBM-2 medium (containing powders when indicated). When cultured on matrigel, endothelial cells aligned themselves into a network structure within 12 h and the results were documented photographically using an inverted microscope (Olympus IX70) at 10X magnification.
Experimental results
The XRD analysis of the synthesized powders is displayed in figure 1 . The crystal structure of synthesized powder is completely hydroxyapatite. The particle size distribution of ABT powders were analyzed after synthesis and ultrasonic homogenization.
The broad diffraction peaks of pure and silver doped hydroxyapatite in figure 1 mean that these materials contain nanosized apatite crystals. In addition, the diffraction patterns of hydroxyapatite are not affected by the addition of silver. There are no secondary or undesired crystalline phases related with silver in the XRD patterns, due to its low detection limit. The absence of these phases is due to the substitution of Ag with Ca without affecting the crystal structure of pure hydroxyapatite [31] . The published articles confirm XRD results of the current investigation. The reported silver doped hydroxyapatite articles give just pure hydroxyapatite phase from the XRD pattern due to the aforementioned reasons [32] [33] [34] .
Figure 2(a) shows that the particles were highly agglomerated after synthesis. As shown in figure 2(a) , the particle size distribution has no mono dispersion. The ultrasonic homogenization process was applied to the methanol-based suspension to disperse the agglomerated particles ( figure 2(b) ). It was found that the particle size distribution shifted to nearly 60 nm. The figure 2(c) TEM images show that the primary particles are changed between 20 and 30 nm for 35A powder. Also, silver is homogeneously dispersed in ABT powders. From the image, residual silver is not observed in powder. The elemental analyses of calculated and experimental silver content in ABT powder are compared in figure 2(d) . As shown in the EDX analyses, experimental amounts of silver are very close to calculated silver content. The SEM image confirms the particle size distribution results (figure 3). Agglomeration, which has islands of nanoparticles, is observed after synthesis. The XRD chart shows no peak for elemental silver. We may conclude that the silver is in ionic form in the ABT structure. In the TEM analysis, a small cluster of silver has been observed in the nano structure. However, because of its extremely small percentage, which is lower than the detection limit, it cannot be detected by x-ray diffraction. Supporting results for the current investigation have been reported in the literature [32, 33] .
Gram-positive S. aureus, P. aeruginosa, Gramnegative E.coli, and yeast were used as the test microorganisms, because they are very common causes of infection in humans. S. aureus was specifically selected for this study because it is a part of normal skin flora and it is the most common organism causing implant-related infections. The results of the halo test method are shown in figure 4. Although there was no antibacterial activity observed in the reference powder, an increase in silver content in the powder led to a decrease in the number of bacterial colonies. In the agar dilution test, the reference powder was not effective in bacteria and fungi. However, 20 A and 35 A were effective in bacteria and fungi in each concentration as shown in table 1.
Silver doped calcium phosphate-based inorganic powders were tested for in vitro cytotoxicity against V79 379A, NIH-3T3, TIG-114, and HUVEC lines. Dose-dependent cytotoxicity curves, as quantified by the MTT assay for 1, 2, 3, and/or 4 d of exposure of powder on cells are shown in figures 5(a)-(j). This qualitative enzyme assay produced a colored product that was quantified in a microplate reader at a wavelength of 570 nm. According to the MTT results, cell viability was very close to control group on the V79 379A cell line at a concentration of 10 µg/ml for silver content of all powders. Similarly, there was no sharp decrease in cell viability at a concentration of 100 μg ml −1 of 5A and 10A content on the V79 379A cell line, whereas the concentration of 20A reduced the cell viability by approximately 30%. At the highest silver content of ABT (35A) at the 100 µg ml −1 concentration, cell viability decreased approximately 38% on the first day and 50% on the second, third, and fourth days. ABT showed a sharp increase in the cytotoxicity at the highest tested concentration. The relative growth ratios of V79 379A cells sharply decreased at a concentration of 1000 μg ml −1 for 20A and 35A. Doses from 1000 μg ml −1 of 20A and 35A were cytotoxic even after the first day after exposure to the cells. However, results of the MTT assay indicate that ABT showed low cytotoxicity against TIG-114 fibroblasts in which the cell viabilities remained 88% at 1000 μg ml ) for 24 h, the toxicity was approximately 50%. At higher ABT concentrations of all different silver contents, the toxicity values did not differ significantly among various doses on TIG-114 fibroblasts after 24 h. The result of the MTT assay showed that the powder has low cytotoxicity on V79 379A after 4 d of exposure. The 10 μg ml −1 and 100 μg ml −1 concentrations of ABT and 24 h exposure time was chosen as for the NIH-3T3 and HUVEC MTT assay because only the 1000 μg ml −1 concentration of 35 A killed the cells after 24 h exposure. However, depending on the cells used, the effect of the biomaterial on the proliferation rate may be quite different. Several studies demonstrated that the cytotoxicity of a nanomaterial is cell-specific [35, 36] . We observed a significant effect on the proliferation of NIH-3T3 fibroblast cell line at the 10 μg ml −1 and 100 μg ml concentrations (figures 5(d) and (e)). However, cell viability decreased approximately 34% at the 10 μg ml −1 concentration of 35A (highest silver content of ABT) on the HUVEC line ( figure 5(f) ). At the 100 μg ml −1 concentration of 35A cell viability decreased approximately 50%, although this was the highest concentration of powder ( figure 5(g) ). Figure 6 demonstrates representative JC-1 stains of non-apoptotic cells. ABT did not induce the collapse of mitochondrial membrane potential characteristic of apoptotic cells at the 35A concentrations of 10 and 100 μg ml −1 , but mitochondrial membrane potential changed after treatment with the 1000 μg ml −1 concentration of 35A. This indicates that apoptosis might be the major mechanism of the highest concentration of ABT-mediated toxicity.
Additionally, figure 7 illustrates non-apoptotic nuclei after the treatment of different concentrations of ABT. Cells appear with regular contours and are round and large. TIG-114 cells with smaller nuclei and condensed chromatin were rarely seen. The image analyses demonstrated that there was no significant depolarization of F-actin stress fibers after the incubation of 100 μg ml −1 concentration of 05A, 10A, and 20A. After 12 h of culture with various doses of ABT containing silver, F-actin stress fibers were slowly disturbed mainly near the edge of pseudopodia-like structures and formed poor fiber bundles of stress fiber in a dose-dependent manner ( figure 8 ).
In the in vitro wound healing assay, a defined 'wound' was scraped across TIG-114 fibroblasts. The data showed that in all of the examined concentrations (10, 100, and 1000 μg ml ) and especially at 10 μg ml −1 (figure 9(b)) 35A (highest silver concentration of ABT) showed an obvious increase in the rate of wound closure, noted at 12 h ( figure 9) .
We investigated the angiogenic potential of silver containing calcium phosphate-based ceramic powder on HUVECs because endothelial cells are key cells in angiogenesis. Based on the previous results, two dilutions (10 μg ml −1 and 100 μg ml −1 of 35A) were chosen for the tube formation assay. In the control, 10 μg ml −1 and 100 μg ml −1 dilutions of 35A groups, HUVECs on a matrigel substratum displayed high motility and differentiated into well-defined network-like structures within 12 h (figures 10(a)-(c) ). The 10 μg ml −1 and 100 μg ml −1 dilutions of 35A could stimulate HUVEC tube formation in a dose-dependent manner.
Therefore, it can be concluded that the ABT (or PAG) exhibits good biocompability at lower concentrations (10 μg ml −1 and 100 μg ml
), with a high silver content, which makes it suitable for biomedical applications.
Discussion
The degradation of implanted ceramics permits the bone to grow into the implanted tissue, providing eventual replacement for the natural tissue environment. Due to their flawless biocompatibility and their structural similarities to natural bone, calcium phosphate-based materials have attracted the most attention [35] . Both the nature and the degree of tissue response are dependent on various characteristics of the material, such as its chemical composition [36] , surface texture [37] , porosity, density [38] , shape, and size [39] . There are several biomaterial surface treatments for the reduction of implant-associated infections. Surface functionalization techniques constitute the core of previous work, focusing on treating antibacterial characteristics with biomaterials. These techniques include a variety of procedures, namely covalently attaching polycationic groups [40, 41] , impregnating or loading chitosan nanoparticles with antibacterial agents [42] [43] [44] , and coating of implant surfaces with quaternary ammonium compounds, iodine, or Ag + ions [45] [46] [47] . Cell cultures techniques are well-established and highly reproducible, and have been used to assess silver toxicity. The density, morphology, and the viability of the cells differ according to the surface reactivity and physico-chemical nature of the substrate [48] . In the present study, JC-1 and DAPI staining were applied to TIG-114 cells. Mitochondria perform a variety of biochemical processes, including oxidative phosphorylation, which provides most of the energy for the cell. Mitochondrial oxidative phosphorylation is dependent on a proton electrochemical gradient (ΔΨm) generated by respiration and maintained by the impermeability of the inner membrane to protons. If the mitochondrial membrane is rendered permeable to protons, the membrane potential dissipates. The distinguishing trademark for apoptosis is the loss of mitochondrial mem- . Cells were incubated with various concentrations of ABT, and cell migration was examined at 12 h after treatment by wound healing (A). Scale bar, 100 μm. brane potential, which is an early event that happens to be coinciding with caspase activation. JC-1 exists in the cytosol as a monomer that emits a green fluorescence and accumulates in the mitochondria as piles that emit an orange-red fluorescence in non-apoptotic cells [49] [50] [51] . DAPI staining is another method to determine apoptotic effects of test materials. It is a substance that specifically binds DNA and shows degradation of DNA into fragments.
To provide an illustrative example, the interaction of silver with cellular energy production can be used. Because the location of the essential protein complexes of the bacterial electron transportation chain happens to be on the cell exterior, it is relatively easy for the reactive silver ions to access and to inactivate. Contrarily, the same structures are located intracellularly in the mitochondrial organelles in eukaryotic cells. To both penetrate the cellular membrane, which acts as a diffusion barrier, and to have comparable inactivation of mitochondrial proteins, higher silver concentrations are needed. In addition to this, although eukaryotic cells regularly contain several mitochondria, bacterial cells do not have that sort of abundance to protect their biological energy conservation system from the assault of silver ions. Therefore, although bacterial respiration is already being seriously encumbered, eukaryotic cell respiration remains unblocked [52] . In this study it was observed that increasing silver content in powder led to a decrease of bacterial activity, an increase in the cytotoxicity of V79 379A and HUVEC cell lines, and an increase in the proliferation of NIH-3T3 and TIG-114 cells.
Angiogenesis is crucial for both bone tissue regeneration and bone tissue engineering. Angiogenic induction by bone material itself is not only a simple approach but also an effective neovascularization approach [53] [54] [55] [56] . Endothelial cells, which take part in the construction of the microvasculature that provides oxygen and nutrients supply along with waste elimination, are the primary cells involved in angiogenesis [57, 58] . For the process of angiogenesis to occur normally, both proliferation and migration are required [59] . Migration is a key step required for angiogenesis in both endothelial cells and fibroblasts. Additionally, actin rearrangement is an important event in the attachment capability and cell migration. To determine the effects of ABT on cell migration and attachment, fluorescent phalloidin stain, which binds specifically at the interface between F-actin subunits [60] , and a wound healing assay were used. Clarifying the process of vascularization and its mechanism is of great significance for design and development of medical biomaterials. In this area, it is noted that the endothelial tubes of new capillaries are formed by intracellular vacuoles, which has been demonstrated in an in vitro model of angiogenesis [61] . We used HUVECs as one of the common endothelial reference cell types [62] . Fibroblasts enhance micro vessel formation, development, and maturation [63] . Fibroblasts were found to stabilize endothelial cell-lined tube formation [64] and provide important signaling that leads to the maturation of capillaries made of HUVECs. In the present study three fibroblast cell lines and an endothelial cell line were used to investigate the cytotoxic and proliferative activities of silver doped calcium phosphatebased ceramic nano powder. The neo-vascularization of the host site is crucial for the primary fixation and the long-term stability of the bone-implant interface [58] . In the later stages of angiogenesis, endothelial cells have to rearrange themselves into a tube to form a new small blood vessel. Thus, the endothelial cell tube formation assay used here is an in vitro model of this process. In the present study we revealed that 10 μg ml −1 and 100 μg ml −1 concentrations of the highest metal ion content of silver doped calcium phosphate-based inorganic powder (35A) did not disrupt the tube formation of HUVECs.
In contrast to our findings, there have been reports showing that silver nanoparticles can inhibit tube formation of endothelial cells [65] [66] [67] ; however, Kang et al [68] revealed that silver nanoparticles can cause angiogenesis through the production of angiogenic factors.
Particle size analysis of synthesized silver doped HAP powders (ABT or PAG) exhibited that the powder has monomodal size distribution without dissolution of silver to form a cluster at low percentages. However, a small cluster formation is observed for higher silver contents. Also, particle size of a silver cluster is less than 3 nm. TEM images confirm that it is homogeneously distributed in calcium phosphate particles. If powder contains silver particles, then two peaks between 1 and 35A at a concentration of 10 μg ml −1 of (c) 35A at a concentration of 100 μg ml −1 . HUVECs were cultured on matrigel matrix and incubated with 10 μg ml −1 and 100 μg ml −1 concentrations of all powders, and capillary-like tube formation was examined at 12 h after treatment. Scale bar, 100 μm. 3 nm and 20 and 100 nm from size distributions plot are expected. However, as seen in figure 2(b) , there is one peak between 40 and 100 nm (nano particle agglomeration) due to the electrostatic forces between nanoparticles. To summarize, we suggest that calcium phosphate is a good carrier for silver without any dissolution in HAP structure.
Amazingly, silver in the HAP diffuses inside the biological environment very slowly, and thus the silver content shows antimicrobial activity without causing toxic effect on mammalian cells.
Conclusion
In this study, silver doped nanosize calcium phosphatebased powder possesses a very strong antibacterial influence against E. coli, P. aeruginosa, S. aureus, and C. albicans with increasing silver content. Antibacterial powders showed a concentration-dependent cytotoxicity on V79 379A and HUVEC lines. Although a low concentration of 100 μg ml −1 powder is not cytotoxic on the V79 379A cell line, increases in silver concentration gradually increases the cytotoxicity of the powder. However, antibacterial powders stimulated proliferation of NIH-3T3 and TIG-114 cell lines. In addition, antibacterial powders exerted an angiogenic potential. We demonstrated, for the first time, that silver doped calcium phosphate-based ceramic nano powder does not disturb angiogenesis in vitro at a concentration of 100 μg ml −1 of 35A with the highest silver content. As demonstrated by JC-1 and DAPI staining and wound healing assay, we conclude that ABT is noncytotoxic and bears good biocompability even at 1000 μg ml −1 of ABT with the highest content of silver. F-actin staining results show that ABT (or PAG) has good attachment ability, but high doses of 35A caused f-actin depolimerization. Consequently, the silver doped calcium phosphate-based ceramic nano powder can be used in implant materials as a coating material, and these coated implants may prevent bacterial colonization as compared to uncoated implants.
